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Abstract 

We present a useful annnnonia gas sensor based on chennically reduced graphene oxide (rGO) sheets by 
self-assennbly technique to create conductive networks between parallel Au electrodes. Negative graphene oxide 
(GO) sheets with large sizes (>10 ^im) can be easily electrostatically attracted onto positive Au electrodes modified 
with cysteamine hydrochloride in aqueous solution. The assembled GO sheets on Au electrodes can be directly 
reduced into rGO sheets by hydrazine or pyrrole vapor and consequently provide the sensing devices based on 
self-assembled rGO sheets. Preliminary results, which have been presented on the detection of ammonia (NH3) gas 
using this facile and scalable fabrication method for practical devices, suggest that pyrrole-vapor-reduced rGO 
exhibits much better (more than 2.7 times with the concentration of NH3 at 50 ppm) response to NH3 than that of 
rGO reduced from hydrazine vapor. Furthermore, this novel gas sensor based on rGO reduced from pyrrole shows 
excellent responsive repeatability to NH3. Overall, the facile electrostatic self-assembly technique in aqueous solution 
facilitates device fabrication, the resultant self-assembled rGO-based sensing devices, with miniature, low-cost 
portable characteristics and outstanding sensing performances, which can ensure potential application in gas 
sensing fields. 
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Background 

Chemiresistive sensors have aroused much attention in 
environment monitoring, industry and agriculture pro- 
duction, medical diagnosis, military, and public safety, 
etc. nowadays [1-5]. In order to meet the requirements 
of industry and other fields' demands, semi-conducting 
metal oxide, organic semiconductors, and carbon mate- 
rials, etc., which have high aspect ratio and large specific 
surface area, have been widely used as sensing materials 
and the excellent performances of the resultant devices 
have been achieved [6-8]. 
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Graphene, as a new member of carbon family, has 
emerged as a promising candidate for sensing because of 
its unique electronic, excellent mechanical, chemical, and 
thermal properties [9-18]. Excellent sensing performance 
of graphene towards different kinds of gases, including 
NO2, NH3, H2O, CO, trimethylamine, I2, ethanol, HCN, 
dimethyl methylphosphonate (DMMP), and DNT, have 
been reported [19-26]. Generally, there are three main 
methods to prepare graphene materials: micromechanical 
exfoliation of graphite [16], chemical vapor deposition 
[27], and reduction of graphene oxide (GO) [28]. The re- 
sultant graphene materials can be considered as excellent 
candidates for gas sensing, especially for chemically re- 
duced graphene oxide (rGO). The rGO sheets have great 
potential for using as chemiresistors [29-32] due to their 
scalable production, easy processability in solution, large 
available surface area, etc. Hydrazine and ascorbic acid 
have been reported as excellent reducing agents for the 
reduction of GO, and the resultant rGO sheets show 
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excellent responses to different vapors [20,33]. Although 
many reports have been reported on the rGO sensing de- 
vices, it is still a great challenge to develop chemiresistive 
sensors based on rGO with miniature, low-cost, and 
portable characteristics. 

In order to fabricate chemiresistive sensors based on 
nanomaterial, there are generally two main methods. 
One is to deposit nanomaterial on substrates followed 
by patterning electrodes on top of sensing materials 
[34]. However, the process is complicated and requires 
exquisite skills. The other fascinating method is to drop- 
cast nanomaterial solution onto the pre-patterned elec- 
trode surfaces [29,35]. This technique is facile, less ex- 
pensive with higher yields, since it can be operated in 
solution, which benefits for the large-scale fabrication of 
the sensing devices. However, drop-casting method is 
very hard to ensure the reproducibility of the fabricated 
devices, which needs to be improved and applied in the 
realistic detection fields. 

Herein, we report a facile and controllable self-assembly 
technique to fabricate rGO sensors, which could be used 
as an excellent NH3 gas sensing device. Negative GO 
sheets with large sizes (>10 (im) can be easily electrostati- 
cally attracted onto positive Au electrodes modified with 
cysteamine hydrochloride in aqueous solution. The as- 
sembled GO sheets on Au electrodes can be directly re- 
duced into rGO sheets by hadrazine or pyrrole vapor and 
consequently provide the sensing devices based on self- 
assembled rGO sheets. In addition, pyrrole- vapor- reduced 
rGO-based sensor exhibits excellent response to NH3. We 
expect the easy, reproducible, green, and scalable fabrica- 
tion of the sensors based on rGO reduced by pyrrole, with 
excellent performance, miniature, low-cost, and portable 
characteristics, can pave a new avenue for the application 
of assembled rGO devices in gas sensing field. 

Methods 

Materials 

The natural graphite (32 meshes) used in this study was 
obtained from Qingdao Jinrilai Co. Ltd, Qingdao, China. 
Pyrrole was obtained from Shanghai Chemical Reagents 
Co. Ltd. (Shanghai, China) and purified by distillation. 
Pre-determined NH3 gas (1 ppm) mixed with air was 
purchased from Beijing Beiyang Special Gases Institute 
Co. Ltd. (Beijing, China). Concentrated ammonia solu- 
tion (25 wt.%) and all of other chemicals (analytical re- 
agent grade) were purchased from Shanghai Chemical 
Reagents Co. Ltd. (Shanghai, China) and were used with- 
out further purification. All of organic solvents were 
purified by distillation. 

Self-assembly of GO sheets on Au electrodes 

GO sheets with large sizes were prepared similar to the 
method reported by Zhao et al. [36]. Large-size GO 



aqueous solution with the concentration at 2.5 mg/mL 
was prepared by mild sonication (80 W for 5 min) and 
stored for the further self-assembly process. 

The standard microfabrication procedures were exploited 
to obtain the Au electrodes according to the method il- 
lustrated by us before [37]. The parallel electrodes with 
the gap distance of 1 [im were formed by sputtering 
10 nm Cr and 180 nm Au onto a patterned photoresist 
mold. A lift-off process was further carried out to remove 
the photoresist. The resultant electrodes were sonicated 
in ethanol, washed with deionized water thoroughly, and 
finally dried by nitrogen flow. 

In order to obtain positively charged Au electrodes, the 
electrodes were immersed in 1 mM of cysteamine hydro- 
chloride aqueous solution for 24 h, followed by washing 
with water and ethanol successively, each for three times. 
The resultant positive electrodes were further immersed 
in GO aqueous solution with different concentrations (1, 
0.5, and 0.25 mg/mL) for 24 h. After washing with water 
and ethanol, each for three times, the electrodes were 
dried by purging air. Consequently, GO sheets bridged 
between Au electrodes were fabricated. 

Chemical reduction of assembled GO sheets on Au 
electrodes 

The GO sheets on the electrodes were easily reduced by 
hydrazine or pyrrole vapor. Typically, the electrodes with 
GO sheets were put in a vessel, and 3 drops of hydrazine 
were added besides the electrode. Then the vessel was 
sealed and put into the oven with the temperature at 90°C 
for 12 h. The resultant rGO sheets on the electrodes, de- 
noted as Hy-rGO, were washed with distilled water and 
ethanol (each for three times) and dried by purging air. 

For the purpose of the comparison, the rGO reduced 
by 3 drops of pyrrole, denoted as Py-rGO, was also fabri- 
cated according to the method mentioned above. 

Characterizations 

Atomic force microscope (AFM) was performed using a 
Dimension Icon instrument (Veeco, Plainview, New 
York, USA). The morphologies of the samples on the 
electrodes were observed by field emission scanning 
electron microscopy (FE-SEM; Carl Zeiss Ultra 55, Carl 
Zeiss AG, Oberkochen, Germany). Raman scattering was 
performed on a Renishaw inVia Reflex Raman spectrom- 
eter (Renishaw, Zhabei District, Shanghai, China) using 
a 514-nm laser source. 

The sensing tests were carried out on a homemade gas 
handling system as illustrated in our previous report [35]. 
The NH3 environments with the concentrations at parts 
per billion and parts per million levels were easily pro- 
duced by diluting the NH3 gas with dry air. The humidity 
inside the test chamber was monitored by a Honeywell 
HIH-4000 humidity sensor (Honeywell Inc., Shanghai, 
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China) and less than 5%. All of the sensing tests were car- 
ried out using a precision semiconductor parameter 
analyzer (Agilent 4156C; Agilent Technologies, Beijing, 
China) at room temperature. The flow rate of the balance 
gas (dry air) was controlled to be at 1 L/min. The sensor 
response was evaluated by the resistance change at a 
sampling voltage of 50 mV. 

Results and discussion 

Self-assembly technique for the fabrication of devices 
based on rGO sheets 

In order to make sure the rGO sheets bridge the gaps of 
the parallel Au electrodes, GO sheets with large sizes 
were prepared in this work. Natural graphites with large 
sizes (32 meshes) were used as original materials, and a 
modified Hummers method was exploited similar with 
the work reported by Zhao et al. [36]. Dialysis was car- 
ried out for the purpose of complete removal of acid in 
the suspension, and mild sonication was applied in order 
to avoid the destruction of GO sheets. As a result, single 
GO sheets were formed in aqueous solution and large 
sizes were maintained as well. The morphology of GO 
sheets was observed by AFM; the results were shown in 
Figure 1. As shown in Figure la, the sizes of the majority 
of GO sheets were larger than 10 (im, which was in con- 
sistence with the results of SEM images of electrodes 
discussed later. Furthermore, the height profile of the 
AFM image (Figure lb) indicated that the thickness of 
the obtained GO sheet was about 0.97 nm, suggesting 
the successful achievement of the single-layer GO sheets 
[38]. As we know, GO sheets contain a large number of 
negative functional groups (e.g., hydroxyl and carboxyl 
groups) [39], which can be a benefit for their electro- 
static attraction with positive surfaces during the self- 
assembly process. 

The sensing devices were fabricated by self-assembly of 
the obtained GO sheets on Au electrodes, followed by in 
situ reduction by hydrazine or pyrrole vapor. The process 
was schematically illustrated in Figure 2. The parallel Au 
electrodes on Si02 (300 nm)/Si wafers were easily pat- 
terned by a standard microfabrication process, and the 
distance of the gap was fixed at about 1 (im in order to 
make sure GO sheets be easily bridged on between paral- 
leled Au electrodes. Since electrostatic attraction was ap- 
plied as driving forces for self-assembly of negative GO 
sheets on Au electrodes, Au electrodes were treated by 
cysteamine hydrochloride aqueous solution in advance to 
attach positively charged amine groups. As we know, or- 
ganic molecules with thiol groups can be assembled on 
the surface of Au through forming self-assembled mono- 
layers (SAMs) due to the strong affinity between sulfur 
and Au [40,41]. Hence, SAMs with positively charged 
amine groups on the surface of Au electrodes were 
formed during this assembly process. The resultant Au 
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Figure 1 AFM image (a) and hieigiit profile (b) of GO slieets 
deposited on mica surfaces. 



electrodes assembled with GO sheets were further put in 
sealed vessels and reduced by hydrazine or pyrrole vapor 
at 90°C; the GO sheets on Au electrodes were in situ re- 
duced into rGO and consequently formed the sensing de- 
vices based on assembled rGO sheets. 

Figure 3 shows SEM images of GO sheets bridged be- 
tween Au electrodes self-assembled with different con- 
centrations of GO sheets. GO aqueous solutions, with 
different concentrations (1, 0.5, and 0.25 mg/mL), were 
used to assemble on between Au electrodes. The morph- 
ologies of the resultant Au electrodes with GO sheets 
were shown in Figure 3a, b, c, d, e, f. From Figure 3, we 
can observe that the sizes of the majority of GO sheets 
were larger than 10 (im, which was in agreement with 
AFM results. Furthermore, when the concentration of 
GO solution was as high as 1 mg/mL, a thick layer of GO 
sheets were formed on Au electrodes (as shown in 



Wang et al. Nanoscale Research Letters 2014, 9:251 
http://www.nanoscalereslett.conn/content/9/1/251 



Page 4 of 1 2 




'NHaCI-'NHaCI- 
"n. ^NH^I- NH3CI- 

S W\ ST 




(a) Pre-patterned electrode (b) Immersion into cysteamine (c) Positively charged Au electrodes 

hydrochloride aqueous solution 










^ — > 





(f) Assembled rGO sheets (e) Treated by hydrazine or (d) Immersion into negatively 

based sensing device pyrrole vapor charged GO aqueous solution 

Figure 2 Schematic illustration of the fabrication of sensing devices based on self-assembled rGO sheets. 
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Figure 3 SEM images of GO slieets bridged between Au electrodes self-assembled with different concentrations of GO. (a) and 

(d) 1 mg/mL, (b) and (e) 0.5 mg/mL, and (c) and (f) 0.25 mg/mL. 
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Figure 3a, d). As the concentration of GO solution de- 
creases, fewer GO sheets on the Au electrodes were ob- 
served (as shown in Figure 3b, c, e, f). Moreover, from 
the enlarged images (Figure 3e, f), we can observe that 
GO sheets bridged between Au electrodes have been suc- 
cessfully formed. The morphologies of electrodes assem- 
bled with lower GO concentration were not given here, 
since further decrease of GO concentration could not en- 
sure the connectivity of Au electrodes by GO sheets. 

After reduction of GO sheets on the electrodes by hy- 
drazine, rGO bridged between Au electrodes was formed. 
As shown in Figure 4, all of the electrodes were covered 
with rGO sheets, which could ensure the electrical circuit 
be formed during the sensing detection. In addition, the 
number of rGO sheets decreased as the GO concentra- 
tion decreases as well. Moreover, as for the GO concen- 
tration at 0.25 mg/mL, several rGO sheets were broken 
between the gaps of Au electrodes, which might be due 
to the strong surface tension during the reduction 
process, which might have a great effect on the sensing 
properties of the resultant rGO devices. 

The morphologies of Au electrodes assembled with 
Py-rGO have also been observed as shown in Figure 5. 
Similar with Hy-rGO, all of the electrodes were bridged 
by rGO sheets (as shown in Figure 5a, b, c, d, e, f). In 



addition, the enlarged images (as shown in Figure 5e, f) 
suggested that several GO sheets had been broken as 
well, and this phenomenon was much more severe when 
the GO concentration was as low as 0.25 mg/mL. Al- 
though this might affect the performance of the final de- 
vices, the connectivity of all of the electrodes by rGO 
sheets were fortunately achieved, which could be still 
used as sensing devices for gas detection. 

Raman spectroscopy is a powerful nondestructive tool 
to distinguish ordered and disordered crystal structure 
of carbon. Figure 6 exhibits the Raman spectra of GO, 
Hy-rGO, and Py-rGO after assembly of the electrodes 
with GO concentrations at (a) 1 mg/mL, (b) 0.5 mg/mL, 
and (c) 0.25 mg/mL with the excitation wavelength at 
514 nm. All of spectra contained the following charac- 
teristic peaks: (1) the D band centered at 1,340 ~ 
1,360 cm"^ (disorder mode), assigning to a breathing 
mode of K-point phonons of Aig symmetry; (2) G band 
located at 1,570 ~ 1,590 cm"^ (tangential mode), which 
was the phonon of C sp^ atoms. As for all of the GO 
concentrations, the characteristic peaks for assembled 
GO were similar, and the relative intensity of D band to 
G band was about 0.95. When GO sheets on the elec- 
trodes were reduced with hydrazine and pyrrole, the 
peaks of D and G bands of rGO blueshifted a little. 




Figure 4 SEM images of Hy-rGO bridged between Au electrodes self-assembled with different concentrations of GO. (a) and 

(d) 1 mg/mL, (b) and (e) 0.5 mg/mL, and (c) and (f) 0.25 mg/mL. 
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Meanwhile, the relative intensity of D band increased 
substantially for Hy-rGO, i.e., an increase of D/G inten- 
sity ratio of rGO (about 1.40) compared to that of the 
GO could be observed. These changes suggested an in- 
crease in the average size of the sp^ domains upon re- 
duction of GO, which agreed well with the Raman 
spectrum of the GO reduced by hydrazine that was re- 
ported by Stankovich et al. [42], indicating that reduc- 
tion did happen. However, when GO was reduced by 
pyrrole, the situation was totally different. The peaks of 
D and G bands were wider than those of Hy-rGO, and 
the D/G intensity ratio decreased to about 0.90. This 
might be due to the polypyrrole (PPy) molecules 
adsorbed on the surfaces of rGO sheets. As we know, 
GO has long been recognized as having strong oxidizing 
properties, and it can serve as an oxidizing agent [43,44] 
for oxidative polymerization of pyrrole during the reduc- 
tion process [45]. Since PPy molecule was a conducting 
polymer with ordered conjugated structures, PPy mole- 
cules on the surfaces of rGO sheets would decrease the 
D band (disordered structure) and meanwhile increase 
the G band (ordered structure) of rGO sheets. As a re- 
sult, lower relative D band intensities were obtained. 



In addition, the sizes of the crystalline domains within 
the rGO flakes could be estimated from the following 
equation [46]: 

i,(nm) = (2.4xlO-iXser (^) ' (1) 

where is the size of the crystalline domains within 
CRG, Xiaser IS the excitation wavelength of the Raman 
spectra, and is the D/G intensity ratio. A D/G ratio of 
1.4 and 0.9 with the excitation wavelength at 514 nm for 
Hy-rGO and Py-rGO respectively in our work (Figure 3c) 
suggested that crystalline domains with the size of ca. 12 
and ca, 18.7 nm respectively had been formed in within 
the resultant Hy-rGO and Py-rGO flakes. 

Evaluation of sensing devices based on assembled rGO 
sheets 

The resistances of the resultant sensing devices were 
measured by applying 50 mV of voltage and the results 
were shown in Figure 7a, b. The current versus voltage 
{I'V) curves of the sensing devices based on Hy-rGO and 
Py-rGO (as shown in Figure 7a, b), which were fabricated 
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Figure 6 Raman spectra of GO, Hy-rGO, and Py-rGO after 
assembly of the electrodes with GO concentrations, (a) 

1 mg/mL, (b) 0.5 mg/mL, and (c) 0.25 mg/mL with the excitation 
wavelength at 514 nm. 



with GO assembly concentration at 1, 0.5, and 0.25 mg/ 
mL, exhibited linear ohmic behaviors, suggesting that per- 
fect circuits of the sensing devices had been achieved. In 
addition, the resistances of the sensing devices based on 
Hy-rGO and Py-rGO increased with the assembly con- 
centration of GO solution. From Figure 7a, the resis- 
tances of Hy-rGO-based sensors could be calculated to 
be 12.3, 14.5, and 89.3 KH, respectively, when the assem- 
bly concentrations of GO were 1, 0.5, and 0.25 mg/mL. 
\X1ien the concentration was above 0.5 mg/mL, the 
resistances of the sensing devices had little changes. 
However, when the assembly concentration of GO solution 



decreased to 0.25 mg/mL, the resistance of the resultant 
device increased greatly. This might be due to the crack of 
the rGO sheets during the reduction process, which inevit- 
ably destroyed the electrical circuit of the device. Similar 
situations occurred for Py-rGO devices, as shown in 
Figure 7b, the resistances of the devices were 13.5 and 28.2 
KH respectively when the assembly concentrations of GO 
solution were 1 and 0.5 mg/mL. Further decrease of GO 
concentration to 0.25 mg/mL resulted in rapid increase of 
resistance of the resultant Py-rGO device (8.3 MH). This 
value was much higher than the resistances of Hy-rGO- 
based devices. This might be ascribed to the following two 
reasons: (1) hydrazine was a stronger reducing agent dur- 
ing the reduction process, and as a result, the resistances 
of the resultant Hy-rGO devices were generally lower than 
those of Py-rGO devices, and this was also in agreement 
with the results as shown in Figure 7a,b; (2) much more 
cracks existed during the reduction process when pyrrole 
was used as a reducing agent. This could be proved by the 
SEM images as shown in Figure 5e,f; comparing with Hy- 
rGO devices (as shown in Figure 4e, f), much more cracks 
appeared, which had great effects on the final resistances 
of the resultant rGO devices. 

NH3, a toxic gas, is very harmful to human health 
[47], and it is import to develop ammonia gas sensors 
and monitor for NH3 leaks. Hence, we used NH3 here as 
analyte in order to probe the sensing properties of the 
resultant Hy-rGO- and Py-rGO-based sensors. All of the 
sensors based on Hy-rGO and Py-rGO, which were fab- 
ricated with different assembly concentrations of GO so- 
lution, were tested toward 50 ppm NH3 balanced in 
synthetic air. The sensor response {R) toward NH3 gas 
was calculated according to the following equation: 



R (%) = 100 X AR/Ro = 100 x (i?gas-i?o)/^o 



(2) 



where Rq is the resistance of rGO device before the ex- 
posure to NH3 gas, and R^^^ is the resistance of rGO de- 
vice in the NH3/air mixed gas [29]. 

Figure 7c, d displays the dynamic response of the result- 
ant Hy-rGO- and Py-rGO-based sensing devices toward 
NH3 gas under the concentration of 50 ppm. In order to 
determine the optimal condition for the fabrication of 
sensing devices based on assembled rGO, the response of 
different sensing devices fabricated under different assem- 
bly concentration of GO solution were studied, and the 
exposure time of 12 min was defined here as the effective 
response time [29]. From Figure 7c,d, we can observe that 
the resistance of the devices increases significantly when 
NH3 was introduced into the chamber. As the assembly 
concentration of GO solution decreases, the response of 
the resultant Hy-rGO-based sensors increased from 1.6% 
to 5.3%, suggesting that fewer rGO sheets bridged in be- 
tween the gaps of electrodes benefited for the final 
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Figure 7 The comparison of sensing properties of devices based on assembled rGO sheets. /-!/ curves of sensing devices based on Hy-rGO 
(a) and Py-rGO (b) fabricated witli GO assembly concentration at 1, 0.5, and 0.25 mg/mL. Plot of normalized resistance change versus time for 
the sensing devices based on Hy-rGO (c) and Py-rGO (d) fabricated with GO assembly concentration at 1, 0.5, and 0.25 mg/mL (the concentration 
of NH3 gas is 50 ppm). 



sensing performance of the sensing devices. Two main 
reasons may account for the decrease of sensing perform- 
ance as the increase of GO concentration: (1) the large 
size of graphene sheets, which is different from the sheets 
reported before; the interconnecting point is much less 
and not good for the penetration of gas molecules, which 
causes the little variation of the resistance of the interior 
sheets; (2) the stacking structure of the graphene sheets 
with a dense structure can prevent the gas molecules 
from rapidly penetrating into the inner space of the films, 
which is different from the situation of graphene films 
with the porous or three-dimensional structure. This was 
also the case for Py-rGO-based sensors. When the assem- 
bly concentrations of GO solution was high (1 mg/mL), 
much more Py-rGO sheets were deposited on the sur- 
faces of Au electrodes; as a result, it is hard for NH3 gas 
to penetrate into the rGO flakes and the complete inter- 
action between NH3 and rGO sheets could not be en- 
sured. Hence, a lower response value of 9.8% was 
obtained. When the assembly concentration of GO solu- 
tion decreased to 0.5 mg/mL, the response of the result- 
ant Py-rGO device increased to 14.2%, which was much 
higher than that of Py-rGO device fabricated with GO 
concentration at 1 mg/mL. However, further decrease of 
GO concentration did not increase the response of the re- 
sultant rGO sensing device. Instead, a much lower 



response value of 5.5% was obtained. This might be due 
to the crack of rGO sheets as mentioned above. The ma- 
jority of rGO sheets were cracked between the electrode 
gaps, resulting in a rapid change of resistance of the re- 
sultant device and consequently leading to a lower re- 
sponse value. Most importantly, it was noticed that all of 
the responses of Py-rGO devices were higher than those 
of sensing devices based on Hy-rGO (as shown in 
Figure 7c,d), suggesting that Py-rGO-based sensing de- 
vices could be used as better sensors for the detection of 
NH3 gas. Since 0.5 mg/mL was the optimal parameter for 
the fabrication of the Py-rGO sensors, which exhibited 
the best sensing performance during the NH3 detection, 
further studies would focus on Py-rGO device fabricated 
under assembly concentration of GO solution at 0.5 mg/ 
mL, with the purpose of demonstrating the potential util- 
ity as well as probing the sensing properties of the result- 
ant assembled Py-rGO sensors. 

Various concentrations of NH3 gases, ranging from 5 
to 100 ppm, were purged into the chamber in order to 
probe the sensing performance of the optimal Py-rGO 
sensor. As shown in Figure 8a, the plots of normalized 
resistance change versus time for the sensing device 
based on assembled Py-rGO upon exposure to NH3 
gases with different concentrations were illustrated. The 
results revealed that the sensing device exhibited an 
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Figure 8 The response performance of sensing devices based on assembled Py-rGO sheets, (a) Plot of normalized resistance change 
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excellent and highly reversible response to different con- 
centrations of NH3 gases. When the NH3 gases were intro- 
duced into the chamber, the resistance of the sensing 
device increased significantly over a period of 12 min, and 
the increase of the concentration of NH3 gas can result in 
the increase of the resistance of the device, and all of the 
resistance variations can be distinctly observed when the 
devices expose to the NH3 gas with the concentration ran- 
ging from 5 ppb to 100 ppm. When the concentration of 
NH3 gas is 100 ppm, ca, 22% of the resistance change can 
be observed. As the concentration of NH3 gas decreases, 
the resistance change of the device decreases accordingly, 
and ca. 4.2% of the resistance change can be also observed 
when the concentration of NH3 gas was as low as 5 ppb. 
This is fascinating since the Py-rGO-based sensing devices 
exhibit much better response to NH3 gas than many other 
rGO-based devices [47,48]. Furthermore, the relationship 
of response variation of the Py-rGO sensor as a function of 
NH3 concentration has also been studied as shown in 
Figure 8b. The sensing signal changed linearly with the 
concentration of ammonia when the concentration is 
above 50 ppb. The linear relationship between the response 
of Py-rGO and the concentration of NH3 is in accordance 
with the work we reported before [29]. When the concen- 
tration is below 50 ppb, the sensing signal dropped rapidly 
(as shown in Figure 8b), which might be due to the PPy 
molecules covered on the surface of rGO sheets, and 
blocked the gas molecules interact with the rGO sheets, 
leading to a worse response to the NH3 gas molecules. 

Furthermore, the sensor response exhibits an excellent 
recovery characteristic (as shown in Figure 8a). As illu- 
minated with IR lamp together with flushed with dry air 
over the periods ranging from 134 to 310 s, the resist- 
ance of the device decreased and essentially recovered to 
the initial values. Since the Py-rGO sensors can be easily 
recovered, long-term practical work of the devices can 
be promised. 



It is suggested that the excellent sensing properties of 
Py-rGO-based sensors are governed by the intrinsic 
properties of rGO as well as adsorbed PPy molecules. On 
one hand, rGO sheets still have parts of oxygen-based 
moieties and structure defects after chemical reduction 
process, which can generally lead to the p-type semicon- 
ducting behavior of the resultant rGO [29] . NH3, as a re- 
ducing agent, has a lone electron pair that can be easily 
donated to the p-type rGO sheets, leading to the increase 
of the resistance of the rGO devices. Since the rGO- 
based sensing devices studied in our work are fabricated 
by self-assembly technique, NH3 gas can interact with 
rGO sheets completely and result in excellent sensing 
performance of the devices during the testing process. 
On the other hand, PPy molecules, as conducting poly- 
mers, can be generally considered as excellent NH3 gas 
sensing materials. Hence, the PPy molecules, which are 
attached on the surfaces of rGO sheets, play important 
roles in the enhancement of the sensing performance of 
the rGO devices and consequently show a better sensing 
performance than that of Hy-rGO devices. 

In addition, the repeatability of the Py-rGO sensing de- 
vice has been studied as well. Figure 9 shows the relative 
resistance response of the assembled Py-rGO sensor as a 
function of time for detection of 10 ppm NH3 in four cy- 
cles, and the result suggests that the Py-rGO-based gas 
sensor exhibits a high reproducibility characteristic. 
Actually, the performance of the gas sensor based on 
Py-rGO is very stable for a long period time under nor- 
mal operating conditions. Even after several months, the 
sensing device still shows excellent sensing performance. 
Therefore, it is suggested that sensors based on self- 
assembled Py-rGO can be considered as excellent sensing 
devices and have great potential in the sensing areas. 

Finally, the selectivity of the assembled Py-rGO-based 
gas sensor, as another key factor for the evaluation of 
sensing devices, has also been studied (Figure 10). The 
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Figure 9 The repeatability properties of the assembled Py-rGO 
sensor exposed to 10 ppm NH3. 



responses of the sensor based on assembled Py-rGO 
sheets to 1% of saturated concentration of different ana- 
lytes, e.g., DMMP, methanol, dichloromethane, hexane, 
chloroform, and xylene, have been studied and com- 
pared with the response of the device to 100 ppm NH3 
gas. As shown in Figure 10, more than 2.3 times magni- 
tude of response to 100 ppm NH3 gas for the Py-rGO 
sensor can be observed in comparison with other ana- 
lytes. Since the concentration of NH3 gas is as low as 
100 ppm while the concentrations of other analytes are 
much higher than that of NH3, it is suggested that the 
assembled Py-rGO-based sensor exhibits a high selectiv- 
ity and can be considered as an excellent candidate for 
the detection of NH3 gas. 




Vapor Number 

Figure 10 Selectivity plot of the assembled Py-rGO sensing 
device. Selectivity plot of the assembled Py-rGO sensing device 
exposed to 100 ppm NH3 compared with other analytes diluted to 
1% of saturated vapor concentrations. 



Conclusions 

In this work, a useful ammonia gas sensor based on 
chemically reduced graphene oxide (rGO) sheets using 
self-assembly technique has been successfully fabricated 
and studied for the first time. Negative GO sheets with 
large sizes (>10 [xm) can be easily electrostatically 
attracted onto positive Au electrodes modified with cys- 
teamine hydrochloride in aqueous solution. The assem- 
bled GO sheets on Au electrodes can be directly reduced 
into rGO sheets by hydrazine or pyrrole vapor and 
consequently provides the sensing devices based on self- 
assembled rGO sheets. The NH3 gas sensing perform- 
ance of the devices based on rGO reduced from pyrrole 
(Py-rGO) have been investigated and compared with that 
of sensors based on rGO reduced from hydrazine (Hy- 
rGO). It is found that assembled Py-rGO exhibits much 
better (more than 2.7 times with the concentration of 
NH3 at 50 ppm) response to NH3 than that of assembled 
Hy-rGO. Furthermore, this novel gas sensor based on as- 
sembled Py-rGO showed excellent responsive repeatabil- 
ity to NH3. Since this technique can be incorporated with 
standard microfabrication process, we suggest that the 
work reported here is a significant step toward the real- 
world application of gas sensors based on self-assembled 
rGO. 



Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

YYW has carried out the preparation of GO nanosheets, as well as fabrication 
of sensing devices. She has also performed all of analyses, except Raman 
characterization, and written the paper. NTH has also written the paper and 
got evolved in the preparation of samples. LLZ has dealt with fabrication 
and sensing test of sensors and carried out the analysis focusing on Raman 
characterization of samples. YW has participated in the AFM analysis and 
proof corrections. ZHZ have given some advices on the figure and text 
arrangement. YFZ, YHL, SS, and CSP have participated in the research 
guidance and paper correction. All authors read and approved the final 
manuscript. 

Acknowledgments 

The authors gratefully acknowledge financial supports by the Natural Science 
Foundation of Jiangsu Province (no. BK2012184), the Natural Science 
Foundation of the Jiangsu Higher Education Institutions of China (no. 
13KJB430018), the National Natural Science Foundation of China (no. 
51302179 and no. 51 102164), the Priority Academic Program Development 
of Jiangsu Higher Education Institutions (PAPD), the Key Natural Science 
Foundation of the Higher Education Institutions of Jiangsu Province (no. 
lOKJAl 40048), the International Cooperation Project (no. 201 3DFG1 2210) by 
MOST, Medical-Engineering (Science) cross-Research Fund of Shanghai Jiao 
Tong University (no. YG2012MS37 and no. YG2013MS20). 

Author details 

^College of Physics, Optoelectronics and Energy, Collaborative Innovation 
Center of Suzhou Nano Science and Technology, Soochow University, 
Suzhou 215006, People's Republic of China. ^Key Laboratory for Thin Film 
and Micro fabrication of the Ministry of Education, Department of 
Microelectronics and Nanoscience, School of electronic information and 
electrical engineering, Shanghai Jiao Tong University, Shanghai 200240, 
People's Republic of China. ^State Key Laboratory of Electronic Thin Films 
and Integrated Devices, School of Microelectronics and Solid-State 



Wang et al. Nanoscale Research Letters 2014, 9:251 
http://www.nanoscalereslett.conn/content/9/1/251 



Page 11 of 12 



Electronics, University of Electronic Science and Technology of China, 
Chengdu 610054, People's Republic of China. 

Received: 26 March 2014 Accepted: 4 May 2014 
Published: 21 May 2014 



References 

1. Pandey S, Goswami GK, Nanda KK: Nanocomposite based flexible 
ultrasensitive resistive gas sensor for chemical reactions studies. Sci Rep 

2013, 2082(3):! -6. 

2. Im J, Sengupta SK, Baruch MF, Granz CD, Ammu S, Manohar SK, Whitten JE: 
A hybrid chemiresistive sensor system for the detection of organic 
vapors. Sens Actuators 6 201 1, 156:715-722. 

3. Cella LN, Chen W, Myung NV, Mulchandani A: Single-walled carbon 
nanotube-based chemiresistive affinity biosensors for small 
molecules: ultrasensitive glucose detection, j /\m Chem Soc 2010, 
132:5024-5026. 

4. Meier DC, Raman B, Semancik S: Detecting chemical hazards with 
temperature-programmed microsensors: overcoming complex analytical 
problems with multidimensional databases. Anna Rev Anal Chem 2009, 

2:463-484. 

5. Hangarter CM, Bangar M, Mulchandani A, Myung NV: Conducting polymer 
nanowires for chemiresistive and FET-based bio/chemical sensors. 

J Mater Chem 20 1 0, 20:3 1 3 1 -3 1 40. 

6. Balouria V, Samanta S, Singh A, Debnath AK, Mahajan A, Bedi RK, Aswal DK, 
Gupta SK: Chemiresistive gas sensing properties of nanocrystalline C03O4 
thin films. Sens Actuators B 2013, 176:38-45. 

7. Hangarter CM, Chartuprayoon N, Hernandez SC, Choa Y, Myung NV: 
Hybridized conducting polymer chemiresistive nano-sensors. Nanotoday 
2013, 8:39-55. 

8. Mirica KA, Azzarelli JM, Weis JG, Schnorr JM, Swager TM: Rapid prototyping 
of carbon-based chemiresistive gas sensors on paper. PNAS 2013, 
110:E3265-E3270. 

9. Wu W, Liu Z, Jauregui LA, Yu Q, Pillai R, Cao H, Bao J, Chen YP, Pel SS: 
Wafer-scale synthesis of graphene by chemical vapor deposition and its 
application in hydrogen sensing. Sens Actuators B 2010, 150:296-300. 

10. Pearce R, lakimov T, Andersson M, Hultman L, Lloyd Spetz A, Yakimova R: 
Epitaxially grown graphene based gas sensors for ultrasensitive NO2 
detection. Sens Actuators 201 1, 155:451-455. 

11. Joshi RK, Gomez H, Alvi F, Kumar A: Graphene films and ribbons for 
sensing of O2, and 100 ppm of CO and NO2 in practical conditions. 
JPhys ChemC20]0, 114:6610-6613. 

12. Song H, Zhang L, He C, Qu Y, Tian Y, Lv Y: Graphene sheets decorated 
with Sn02 nanoparticles: in situ synthesis and highly efficient materials 
for cataluminescence gas sensors. J Mater Chem 201 1, 21:5972-5977. 

13. Du D, Liu J, Zhang X, Cui X, Lin Y: One-step electrochemical deposition of 
a graphene-Zr02 nanocomposite: preparation, characterization and 
application for detection of organophosphorus agents. J Mater Chem 
2011,21:8032-8037. 

14. Ratinac KR, Yang W, Ringer SP, Breat F: Toward ubiquitous environmental 
gas sensors-capitalizing on the promise of graphene. Environ Sci Technol 
2010, 44:1167-1176. 

15. Jeong HY, Lee DS, Choi HK, Lee DH, Kim JE, Lee JY, Lee WJ, Kim SO, Choi 
SY: Flexible room-temperature NO2 gas sensors based on carbon 
nanotubes/reduced graphene hybrid films. AppI Phys Lett 2010, 
96:213105. 1-3. 

16. Novoselov KS, Geim AK, Morozov SV, Jiang D, Zhang Y, Dubonos SV, 
Grigorieva IV, Firsov AA: Electric field effect in atomically thin carbon 
films. Science 2004, 306:666-669. 

1 7. Yang Z, Gao R, Hu N, Chai J, Cheng Y, Zhang L, Wei H, Kong ESW, Zhang Y: 
The prospective 2D graphene nanosheets: preparation, functionalization 
and applications. Nano-Micro Letters 2012, 4:1-9. 

18. Sun X, Gong Z, Cao Y, Wang X: Acetylcholiesterase biosensor based on 
poly(diallyldimethylammonium chloride)-multi-walled carbon 
nanotubes-graphene hybrid film. Nano-Micro Letters 2013, 5:47-56. 

19. Schedin F, Geim AK, Morozov SV, Hill EW, Blake P, Katsnelson Ml, Novoselov 
KS: Detection of individual gas molecules adsorbed on graphene. 

Nat Mater 2007, 6:652-655. 

20. Robinson JT, Perkins FK, Snow ES, Wei ZQ, Sheehan PE: Reduced graphene 
oxide molecular sensors. Nano Lett 2008, 8:3137-3140. 



21. Arsat R, Breedon M, Shafiei M, Spizziri PG, Gilje S, Kaner RB, Kalantar-zadeh K, 
Wlodarski W: Graphene-like nano-sheets for surface acoustic wave gas 
sensor applications. Chem Phys Lett 2009, 467:344-347. 

22. Jung I, Dikin D, Park S, Cai W, Mieike SL, Ruoff RS: Effect of water vapor on 
electrical properties of individual reduced graphene oxide sheets. 

J Phys Chem C 2008, 1 1 2:20264-20268. 

23. Qazi M, Koley G: NO2 detection using microcantilever based 
potentiometry. Sensors 2008, 8:7144-7156. 

24. Hwang EH, Adam S, Das Sarma S: Transport in chemically doped 
graphene in the presence of adsorbed molecules. Phys Rev B 2007, 
76:195421. 1-6. 

25. Yuan W, Shi G: Graphene-based gas sensors. J Mater Chem A 2013, 
1:10078-10091. 

26. Yuan W, Liu A, Huang L, Li C, Shi G: High-performance NO2 sensors based 
on chemically modified graphene. Adv Mater 2013, 25:766-771. 

27. Zhang Y, Zhang L, Zhou C: Review of chemical vapor deposition of 
graphene and related applications. Acc Chem Res 2013, 46:2329-2339. 

28. Park S, Ruoff RS: Chemical methods for the production of graphenes. Nat 
Nanotechnol 2009, 4:21 7-224. 

29. Hu N, Wang Y, Chai J, Gao R, Yang Z, Kong ESW, Zhang Y: Gas sensor 
based on p-phenylenediamine reduced graphene oxide. Sens Actuators B 
2012, 163:107-114. 

30. Vedala H, Sorescu DC, Kotchey GP, Star A: Chemical sensitivity of 
graphene edges decorated with metal nanoparticles. Nano Lett 201 1, 
11:2342-2347. 

31. Myers M, Cooper J, Pejcic B, Baker M, Raguse B, Wieczorek L: Functionalized 
graphene as an aqueous phase chemiresistor sensing material. 

Sens Actuators S 201 1 , 1 55:1 54-1 58. 

32. Lu GH, Park S, Yu KH, Ruoff RS, Ocola LE, Rosenmann D, Chen JH: Toward 
practical gas sensing using highly reduced graphene oxide: a new signal 
processing method to circumvent run-to-run and device-to-device 
variations. ACS Nano 201 1, 5:1 154-1 164. 

33. Dua V, Surwade SP, Ammu S, Agnihotra SR, Jain S, Roberts KE, Park S, Ruoff 
RS, Manohar SK: All-organic vapor sensor using Inkjet-printed reduced 
graphene oxide. Angew Chem Int Ed 2010, 49:2154-2157. 

34. Chang H, Sun Z, Yuan Q, Ding F, Tao X, Yan F, Zhang Z: Thin film 
field-effect phototransistors from band gap-tunable, solution-processed, 
few-layer reduced graphene oxide films. Adv Mater 2010, 
22:4872-4876. 

35. Huang X, Hu N, Gao R, Yu Y, Wang Y, Yang Z, Kong ESW, Wei H, Zhang Y: 
Reduced graphene oxide/polyaniline hybrid: preparation, 
characterization and its applications for ammonia gas sensing. 

J Mater Chem 2012, 22:22488-22495. 

36. Zhao J, Pei S, Ren W, Gao L, Cheng HM: Efficient preparation of large-area 
graphene oxide sheets for transparent conductive films. ACS Nano 2010, 
4:5245-5252. 

37. Wang Y, Hu N, Zhou Z, Xu D, Wang Z, Yang Z, Wei H, Kong ESW, Zhang Y: 
Single-walled carbon nanotube/cobalt phthalocyanine derivative hybrid 
material: preparation, characterization and its gas sensing properties. 

J Mater Chem 201 1 , 21 :3779-3787. 

38. Stankovich S, Dikin DA, Dommett GHB, Kohlhaas KM, Zimney EJ, Stach EA, 
Piner RD, Nguyen ST, Ruoff RS: Graphene-based composite materials. 
Nature 2006, 442:282-286. 

39. Hu N, Wei L, Wang Y, Gao R, Chai J, Yang Z, Kong ESW, Zhang Y: Graphene 
oxide reinforced polyimide nanocomposites via in situ polymerization. 

J Nanosci Nanotechnol 201 2, 1 2:1 73-1 78. 

40. Yang J, Kim J-W, Shin HS: Facile method for rGO field effect transistor: 
selective adsorption of rGO on SAM-treated gold electrode by 
electrostatic attraction. Adv Mater 2012, 24:2299-2303. 

41. Sahoo RR, Patnaik A: Surface confined self-assembled fullerene 
nanostructures: a microscopic study. AppI Surf Sci 2005, 245:26-38. 

42. Stankovich S, Dikin DA, Piner RD, Kohlhaas KA, Kleinhammers A, Jia Y, Wu Y, 
Nguyen ST, Ruoff RS: Synthesis of graphene-based nanosheets via 
chemical reduction of exfoliated graphite oxide. Carbon 2007, 
45:1558-1565. 

43. Amarnath CA, Hong CE, Kimc NH, Kud B, Kuilaa T, Lee JH: Efficient 
synthesis of graphene sheets using pyrrole as a reducing agent. Carbon 

2011,49:3497-3502. 

44. Xu LQ, Liu YL, Neoh KG, Kang ET, Fu GD: Reduction of graphene oxide by 
aniline with its concomitant oxidative polymerization. Macromol Rapid 
Commun 2011, 32:684-688. 



Wang et al. Nanoscale Research Letters 2014, 9:251 
http://www.nanoscalereslett.conn/content/9/1/251 



Page 12 of 12 



45. Boehm HP, Clauss A, Fischer G, Hofmann U: Surface properties of 
extremely thin graphite lamellae. In Proceedings of the Fifth Conference on 
Carbon: April 1962. Heidelberg, Germany: Pergamon; 1962:73. 

46. Pimenta MA, Dresselhaus G, Dresselhaus MS, Cancado LG, Jorio A, Saito R: 
Studying disorder in graphite-based systems by Raman spectroscopy. 
Phys Chem Chem Phys 2007, 9:1276-1290. 

47. Yavari F, Chen Z, Thomas AV, Ren W, Cheng HM, Koratkar N: High 
sensitivity gas detection using a macroscopic three-dimensional 
graphene foam network. Sci Rep 201 1, 1:166. 1-5. 

48. Gautam M, Jayatissa AH: Ammonia gas sensing behavior of graphene 
surface decorated with gold nanoparticles. Solid State Electron 2012, 
78:159-165. 



doi:1 0.1 1 86/1 556-276X-9-251 

Cite this article as: Wang et al.: Ammonia gas sensors based on 
chemically reduced graphene oxide sheets self-assembled on Au 
electrodes. Nanoscale Research Letters 2014 9:251. 



Submit your manuscript to a SpringerOpen^ 
journal and benefit from: 

► Convenient online submission 

► Rigorous peer review 

► Immediate publication on acceptance 

► Open access: articles freely available online 

► High visibility within the field 

► Retaining the copyright to your article 



Submit your next manuscript at ► springeropen.com 



